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In this work, we investigate the performance of the so-called Preheat-parallel CHP configuration, for the connection to a thermal network (TN). A low-temperature geothermal source (130
• C), and the connection to a 75
• C/50
• C and a 75
• C/35
• C thermal network are considered. For a pure parallel CHP configuration, the brine delivers heat to the ORC and the thermal network in parallel. However, after having delivered heat to the ORC, the brine in the ORC branch still contains some energy which is not used. The Preheat-parallel configuration utilizes this heat to preheat the TN water before it enters the parallel branch, where the TN water is heated to the required supply temperature. The Preheat-parallel configuration is especially favorable when connected to a thermal network with a low return temperature, a large temperature difference between supply and return temperatures-thereby exploiting the preheating-effect-and for high heat demands.
In this paper, we focus on the effect of the pinch-point-temperature difference (∆T pinch ) on the plant performance. ∆T pinch is directly related with the size and cost of the heat exchangers and strongly influences the preheating-effect, which is the most characteristic feature of the Preheat-parallel configuration. First, we present the results of a detailed sensitivity analysis of ∆T pinch . A higher ∆T pinch results in a lower preheating-effect, a lower net power output and, correspondingly, lower plant efficiency. Furthermore, we compare the performance of the Preheat-parallel configuration with the convenient parallel and series CHP configurations. For all three configurations, the performance decreases with an increase of ∆T pinch . For the considered thermal network requirements, the net power generation is the highest for the Preheat-parallel configuration. With respect to the parallel configuration, the gain in net power generation stays approximately constant (75
• C TN) with the imposed pinch-point-temperature difference. With respect to the series configuration, the gain in net power generation increases for a higher value of ∆T pinch . This means that the impact of ∆T pinch is the biggest for the series configuration, followed by the Preheat-parallel configuration, and that the impact on the performance of the parallel configuration is the smallest. c 2017 The Authors. Published by Elsevier Ltd. Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems.
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Introduction
In the northwest of Europe, binary geothermal power plants are often not economically feasible. Due to the low thermal gradient of about 30
• C/km, the well drilling costs are very high and the heat source temperature is rather low. On the one hand, the economics of a low-temperature geothermal power plant might be increased by combining multiple (renewable) energy sources in a hybrid plant. Multiple studies on hybrid power plants including geothermal energy have been performed in [1] [2] [3] [4] [5] . Another way to improve the plant economics is by the combined production of electrical and thermal power in a combined heat-and-power (CHP) plant. The performance and multiple configurations of CHP plants have already been studied in [5] [6] [7] [8] [9] .
In this work, we present a novel CHP configuration, which we call the Preheat-parallel configuration. A lowtemperature geothermal source (brine) is considered and the CHP is connected to a thermal network (TN). We prefer using the more general term thermal network, which includes district heating and cooling systems, over the term district heating system. Two state-of-the-art thermal networks are studied: the 75
• C TN [8] and the 75 • C/35 • C TN [10] . For these two cases, we investigate the effect of the pinch-point-temperature difference in the brine heat exchangers on the plant performance.
Methodology
In this section we explain the set-up of the Preheat-parallel CHP configuration, the model implementation and the assumptions. Figure 1 gives an outline of the Preheat-parallel configuration. The heat source is geothermal water (referred to as brine) with a production temperature of T b,prod = 130
The Preheat-parallel CHP configuration
• C, a pressure of p b,prod = 40bar(a) and a flow rate ofṁ b = 194kg/s. Besides electricity production via an Organic Rankine Cycle (ORC), also heat is delivered to a thermal network (TN). The pressure of the water in the TN is p T N = 7bar(a) and the nominal heat demand iṡ Q T N = 6MW. Furthermore, in Figure 1 , heat exchangers are succinctly named as HEx; b,prod and b,inj represent the brine production and injection sides, respectively, and also the return, mid and supply sides of the thermal network are indicated. Brine and TN water streams are presented in full and dashed lines, respectively.
The electricity is produced via a subcritical ORC with R236ea as the working fluid. From previous work [6] , we know that for the investigated thermal network temperatures, the ORC outlet temperature is always constrained. Therefore we consider a recuperated ORC instead of a basic cycle.
Models and assumptions
The models are implemented in Python [11] , making use of the CasADi [12] optimization framework together with the IpOpt [13] non-linear solver. Fluid properties are called from the REFPROP 8.0 database [14] . 
We optimize the net electrical power output of the CHP plant, which is defined as:
withẆ net the net electrical power output,Ẇ t andẆ p the turbine and pump mechanical power, η g and η m the generator and motor efficiency andẆ wells = 600kW the power of the well pumps. The variables in the optimization process are the brine flow rate through the ORC branch (ṁ b,ORC ), the brine temperature at the ORC outlet (T b,ORCout ), the working fluid temperature in the evaporator (T evap ), the intermediate temperature of the thermal network water (T mid ), the cooling water outlet temperature and the recuperator efficiency. Furthermore, the model results are based on the following assumptions:
• no pressure drops in the heat exchangers and piping;
• neglect kinetic and potential energy differences;
• no superheating. Superheating has negative impact for R236ea, which is an isentropic working fluid. 0.01
• C of superheating is imposed to ensure numerical stability;
• the working fluid state is saturated liquid at the condenser outlet;
• fixed ORC parameter values are given in Table 1 : for the recuperator and condenser pinch-point-temperature differences ∆T recup,pinch & ∆T cond,pinch , the efficiencies, the condenser temperature T cond , the reference (subscript re f ) conditions and the cooling water inlet (subscript c) conditions.
In general, the pinch-point-temperature difference ∆T pinch of a heat exchanger is the smallest temperature difference between the two streams in that heat exchanger. For the condenser, the position of the pinch-point-temperature difference is located where the working fluid is cooled to saturated vapor. For the evaporator, the pinch-point-temperature difference is where the working fluid is heated to saturated liquid.
More details regarding the model equations can be found in [6] .
Influence of the pinch-point-temperature difference on the Preheat-parallel CHP
In this section, we discuss the effect of the pinch-point-temperature difference of the brine heat exchangers on the plant performance. For the considered supply and return temperatures of the thermal network and the assumed (constant) value of the heat demand, the optimal design conditions are calculated. A smaller pinch-point-temperature difference requires larger and more expensive heat exchangers. The nominal design value of the pinch-point-temperature difference is 5
• C. However, we investigate the effect of this assumption on the plant performance.
Connection to a 75
The performance of the Preheat-parallel configuration is discussed for the connection to a state-of-the-art 75
• C thermal network. For the reference pinch-point-temperature difference of 5
• C and a heat demand ofQ T N = 6MW, the net electrical power output isẆ net = 5.14MW, the exergetic plant efficiency η ex = 38.31% and the heat delivered in heat exchangers 1 and 2Q T N1 = 3.09MW andQ T N2 = 2.91MW. The exergetic plant efficiency is defined as:
withĖx T N the exergy delivery to the thermal network andĖx b,prod the brine flow exergy at the production state.
3.1.1. Influence of the pinch-point-temperature difference on the performance Now we are considering the effect of the pinch-point-temperature difference on the heat delivery, the net electrical power output and the exergetic plant efficiency. The results are shown in Figure 2 . For the moment, we consider only the dashed lines which correspond to a heat demand ofQ T N = 6MW. For a higher ∆T pinch , the potential of the preheating-effect in TN HEx 1 decreases. Less heat is transferred to the thermal network in TN HEx 1 and more heat has to be delivered by TN HEx 2 in the parallel branch. As a consequence, the net electrical power output is lower. Since, for a fixed heat demand ofQ T N = 6MW, η ex,plant only depends onẆ net , also the exergetic plant efficiency is lower for a higher value of ∆T pinch . These effects can be discussed more in detail when considering the operating temperatures and flow rates, which are given in Figure 3 . Also here, we only consider the dashed lines for now. In order to keep the mass flow rate through the ORC branchṁ b,ORC -hence the electrical power output of the ORC-as high as possible, the ORC outlet temperature (T b,ORCout ) increases with ∆T pinch in order to satisfy the heat demand. Since it is detrimental for the ORC electrical power output to increase T b,ORCout too much, T mid decreases to satisfy the imposed pinch-point-temperature difference. Due to the decrease of T mid , less heat is transferred in TN HEx 1 and the flow rate through the parallel branch increases, or equivalentlyṁ b,ORC decreases with ∆T pinch . Sinceṁ b,ORC decreases and T b,ORCout increases, less heat is added to the ORC and less electrical power is produced. The evaporator temperature (T evap ) decreases as a direct result of the higher imposed pinch-point-temperature difference. The ORC working fluid mass flow rate (ṁ w f ) decreases as a consequence of the lower heat addition. The brine outlet temperature (T b,in j ) is the mixing temperature of the brine flow through the ORC branch and the brine flow through the parallel branch. For this 75
• C TN, the brine outlet temperatures of both TN HEx 1 and TN HEx 2 increase with ∆T pinch such that also T b,in j increases.
Influence of the heat demand on the performance
In this section we elaborate on the effect of the total heat demandQ T N on the plant performance and operating conditions, still for the connection to a 75
• C thermal network. We refer back to Figures 2 and 3 . The nominal heat demand ofQ T N = 6MW is presented by the dashed lines, the high heat demand (Q T N = 9MW) is presented by the full lines, whereas only the markers are shown for the low heat demand (Q T N = 3MW).
From Figure 2a , it is clear that there exists a trade-off between electricity production and heat delivery. The higher the heat demand, the lower the net electrical power output. Besides, we can see from Figure 2b that the preheatingeffect is more useful for higher heat demands: a larger share of the heat is delivered by TN HEx 1 (full lines). This can be explained as follows. If all the heat has to be delivered in the parallel branch (TN HEx 2), this results in a very loẇ m b,ORC and, correspondingly, the electrical power output of the ORC is low. Therefore, it is beneficial to deliver heat in TN HEx 1. By doing so, the brine flow rate through the ORC branch can be increased and also the ORC electricity production is higher. Especially for high heat demands, the preheating-effect of the Preheat-parallel configuration is very useful.
The effect on the operating temperatures and mass flow rates was shown in Figure 3 . The trends are the same for different values of the heat demand. However, for high heat demands (full lines), the preheating-effect is more useful and a larger share of the heat is delivered in TN HEx 1. Therefore, the brine temperature difference over TN HEx 1 is as high as possible and the value of T b,ORCout is higher for higher heat demands. Correspondingly, for the same value of the imposed ∆T pinch , also T mid is higher by the same value. Since the ORC outlet temperature is higher, also the evaporator temperature is higher in case of a high heat demand. However, due to a lowerṁ b,ORC and a higher T b,ORCout , less heat is added to the ORC andṁ w f is lower. The brine injection temperature is slightly higher in case of a high heat demand. A larger share of the brine flow rate passes the parallel branch (TN HEx 2) to satisfy the higher heat demand, and the brine outlet temperature of TN HEx 2 is higher than the brine outlet temperature of TN HEx 1, so also T b,in j is higher.
Connection to a 75
• C thermal network network in TN HEx 1, which is shown in Figure 4b . The preheating-effect of the Preheat-parallel configuration is thus more useful in case of a low return temperature. The trends of the operating temperatures (T b,in j , T evap , T b,ORCout and T mid ) and mass flow rates (ṁ b,ORC andṁ w f ) as a function of ∆T pinch are similar to the trends for the connection to a 75
• C TN (which were shown in Figure 3 ). If we consider the effect of the heat demandQ T N on the operating conditions, for the connection to a 75
• C TN, we see that the trends are similar to these for the connection to a 75
• C thermal network. The only exception is that the brine injection temperature is lower for a higher heat demand. This is due to the preheating-effect which is more useful in case of a large temperature difference between supply and return temperature (i.e. more useful for the 75
• C TN). For the 75 • C/35
• C connection, it is profitable to deliver as much heat as possible in TN HEx 1. As a result, the brine is cooled down more in TN HEx 1 and the brine outlet temperature of TN HEx 1 is lower for a higher heat demand. The brine outlet temperature of the ORC branch dominates the brine injection temperature such that T b,in j decreases.
Performance improvements of the Preheat-parallel CHP over the series and parallel configurations
In this section, we compare the Preheat-parallel configuration with the convenient series and parallel configurations. As for the Preheat-parallel configuration, the ORC outlet temperature of the series configuration is always constrained by the thermal network temperatures. Therefore, the recuperated ORC is considered for the series configuration since, in this case, it performs better than a basic cycle [6] . The ORC outlet temperature of the parallel configuration does not depend on the thermal network temperatures, such that here a basic ORC is chosen. Figure 5 shows the improvements in terms of net electrical power output of the Preheat-parallel configuration in comparison to the series configuration, for the connection to a 75
• C thermal network, respectively. Three values for the heat demand are considered: the reference heat demand ofQ T N = 6MW, a lower (Q T N = 3MW) and a higher (Q T N = 9MW) heat demand. We can conclude that the Preheat-parallel configuration performs better than the series configuration for the considered cases (the figures only contain positive values). As is evident, for all configurations,Ẇ net decreases with ∆T pinch , however the electrical power output of the Preheat-parallel configuration is less sensitive to ∆T pinch than the series configuration. Furthermore, the performance improvements over the series configuration are higher for a low heat demand, and for the connection to a thermal network with a low return temperature (Figure 5b versus Figure 5a ). Figure 6 shows the performance improvements with respect to the parallel configuration. We can see that the Preheat-parallel configuration also performs better than the parallel configuration for the considered cases. However, for the connection to a 75
• C thermal network (Figure 6a ), the Preheat-parallel configuration is slightly more sensitive to ∆T pinch , especially at high values of ∆T pinch (the gain decreases). This means that the electrical power output of the Preheat-parallel configuration decreases faster as a function of ∆T pinch than the electrical power output of the parallel configuration. For the connection to a 75
• C thermal network (Figure 6b ), the gain slightly increases for low values of ∆T pinch and is almost constant for higher values of ∆T pinch . In general, the improvements over the parallel configuration are higher in case of a high heat demand, and for the connection to a thermal network with a low return temperature.
Conclusions
In this work, we have studied the effect of the pinch-point-temperature difference on the performance-the optimal design conditions and the net electrical power output-of the novel Preheat-parallel CHP configuration. We considered a low-temperature geothermal source (130
• C) and the heat delivery to a 75 • C/50
• C thermal network. We indicated that the Preheat-parallel configuration is especially favorable when connected to a thermal network with a low return temperature, a large difference between supply and return temperature-thereby exploiting the preheating-effect-and for high heat demands. From the study of the pinch-point-temperature difference, it is clear that the net electrical power output of the ORC decreases with the pinch-point-temperature difference, which was expected. Moreover, in case of a large pinch-point-temperature difference we can make less use of the preheating-effect: the share of the heat which is delivered by TN HEx 1 decreases. We also investigated the effect of the heat demand on the performance. The higher the heat demand, the lower the net electrical power output and the more useful the preheating-effect. Furthermore, we compared the performance of the Preheat-parallel configuration with the convenient series and parallel CHP configurations. We found that the net electrical power output of the Preheat-parallel configuration is always higher than for the series and parallel configurations, for the considered cases. With respect to the series configuration, the benefits are more outspoken for low heat demands, whereas with respect to the parallel connection, the benefits are higher in case of high heat demands. The performance improvements of the Preheat-parallel configuration over the series and parallel configurations are higher for the connection to a thermal network with a low return temperature. We also found that the series configuration electrical power output is more sensitive to the pinch-point-temperature difference than the Preheat-parallel configuration, and that the electrical power output of the parallel configuration is the least sensitive to variations in pinch-point-temperature difference. Or in other words, the performance gain of the Preheat-parallel configuration over the series configuration increases with ∆T pinch , whereas the performance gain over the parallel configuration stays almost constant or decreases slightly with ∆T pinch . 
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